The fertilising sperm triggers a transient Ca 2+ increase that releases eggs from cell cycle arrest in the vast majority of animal eggs. In vertebrate eggs, Erp1, an APC/C cdc20 inhibitor, links release from metaphase II arrest with the Ca 2+ transient and its degradation is triggered by the Ca 2+ -induced activation of CaMKII. By contrast, many invertebrate groups have mature eggs that arrest at metaphase I, and these species do not possess the CaMKII target Erp1 in their genomes. As a consequence, it is unknown exactly how cell cycle arrest at metaphase I is achieved and how the fertilisation Ca 2+ transient overcomes the arrest in the vast majority of animal species. Using live-cell imaging with a novel cyclin reporter to study cell cycle arrest and its release in urochordate ascidians, the closest living invertebrate group to the vertebrates, we have identified a new signalling pathway for cell cycle resumption in which CaMKII plays no part. Instead, we find that the Ca 2+ -activated phosphatase calcineurin (CN) is required for egg activation. Moreover, we demonstrate that parthenogenetic activation of metaphase I-arrested eggs by MEK inhibition, independent of a Ca 2+ increase, requires the activity of a second egg phosphatase: PP2A. Furthermore, PP2A activity, together with CN, is required for normal egg activation during fertilisation. As ascidians are a sister group of the vertebrates, we discuss these findings in relation to cell cycle arrest and egg activation in chordates.
INTRODUCTION
Unfertilised animal eggs are, in general, cell cycle arrested to prevent parthenogenetic activation by a cytoplasmic activity called cytostatic factor (CSF) first identified in 1971 in amphibian eggs (Masui and Markert, 1971) and it is the fertilising sperm that induces resumption of the cell cycle. Two aspects have been extremely well conserved during animal evolution: (1) sperm activate eggs by triggering an increase in the intracellular Ca 2+ ion concentration ([Ca 2+ i ] ) in virtually all metazoan eggs that have been studied (Stricker, 1999) ; and (2) cell cycle arrest of mature eggs from species ranging from cnidarians to mammals is brought about by RESEARCH ARTICLE 1 elevated activity of the Mos/MEK/MAPK pathway (Amiel et al., 2009 ). The Mos/MEK/MAPK pathway causes metaphase I arrest in ascidians (Dumollard et al., 2011) , metaphase II arrest in vertebrates, and G1 arrest in starfish and jellyfish eggs (Kishimoto, 2003; Amiel et al., 2009) . In all these cases, egg activation can be induced by the sperm-triggered Ca 2+ signal or by lowering the activity of the Mos/MEK/MAPK pathway (reviewed by Whitaker, 2006) . Despite what appear to be a universal set of molecular mechanisms, it is not known how the sperm-triggered increase in [Ca 2+ i ] activates eggs arrested at metaphase I.
Metaphase II-CSF in vertebrates (reviewed by Masui, 2000; Kishimoto, 2003) is now known to involve the Mos/MEK/MAPK kinase cascade and activity of the Cdc20-activated anaphase promoting complex/cyclosome (APC/C cdc20 ) inhibitor Emi2, also known as Erp1 in Xenopus Tung et al., 2005; Shoji et al., 2006 ; reviewed by Wu and Kornbluth, 2008) . Depending on the species, the MAPK substrate p90rsk may play a role. In Xenopus oocytes, p90rsk is activated by MAPK and phosphorylates Erp1 to maintain its inhibitory activity towards the APC/C (Inoue et al., 2007) , whereas in the mouse a triple knockout of all three p90rsk (also known as Rps6ka2) isoforms does not affect CSF arrest (Dumont et al., 2005) . Interestingly, mature eggs of nonvertebrates do not arrest at metaphase II. Instead they arrest at germinal vesicle (GV), metaphase I or G1 (and occasionally G2) phases of the cell cycle (reviewed by Whitaker, 1996) . In addition to its role in metaphase II arrest (Sagata et al., 1989; Colledge et al., 1994) , the Mos/MEK/MAPK cascade has been found to mediate metaphase I-CSF activity in sawfly (Yamamoto et al., 2008) and ascidians (Dumollard et al., 2011) and G1-CSF activity in starfish (Kishimoto, 1998) and jellyfish (Amiel et al., 2009) . Interestingly, Mos is required to induce G1-CSF arrest in jellyfish and starfish oocytes, though not through inhibition of the APC/C (Hara et al., 2009) . This suggests that the major role for Mos/MAPK in causing cell cycle arrest in the egg (its CSF role) is conserved throughout the Eumetazoa and that the substrates of CSF downstream of MAPK have diverged.
In Xenopus, a dual mechanism involving CaMKII (Lorca et al., 1993) and calcineurin (CN) (Mochida and Hunt, 2007; Nishiyama et al., 2007) induces egg activation. At fertilisation, Erp1 is phosphorylated by CaMKII; this opens up a cryptic phosphorylation site for XPlk1, causing Erp1 degradation by SCF β-TrCP and thereby removing inhibition of the APC/C. At the same time as Erp1 is being degraded, the Ca 2+ -sensitive phosphatase CN promotes metaphase exit by activating Cdc20-mediated APC/C activity (Mochida and Hunt, 2007; Nishiyama et al., 2007) . Interestingly though, CN appears to play no part in mouse egg activation (Suzuki et al., 2010) , in which instead CaMKII [specifically the γ isoform (Chang et al., 2009; Backs et al., 2010) ] is the sole signal transducer of the fertilisation-induced Ca 2+ rise (Shoji et al., 2006; Madgwick et al., 2006) ; this occurs not only via APC/C-mediated cyclin B destruction (Irniger et al., 1995; King et al., 1995; Sudakin et al., 1995) , but also via activation of Wee1B (Oh et al., 2011) , which together result in the inactivation of Cdk1 (MPF) and meiotic exit. However, in no invertebrate species arrested at metaphase I is it known how sperm-triggered Ca 2+ increase mediates the release of cell cycle arrest.
Recent molecular phylogenetic profiling has revealed that tunicates are the closest extant invertebrate relatives of vertebrates, lying at the crossroads between vertebrates and invertebrates. (Delsuc et al., 2006) . Ascidians are one of three classes of the tunicates and their unfertilised eggs arrest in metaphase I with elevated MPF and MAPK activity (Russo et al., 1996; McDougall and Levasseur, 1998) due to activation of the Mos/MEK/MAPK pathway, which is fully conserved in the ascidian (Russo et al., 2009) . A sperm-triggered Ca 2+ signal overcomes metaphase I-CSF arrest by inducing cyclin B destruction (Levasseur and McDougall, 2000) . However, it is known that Erp1 is not present in the genomes of the ascidian (Russo et al., 2009 ) and other invertebrates (Fernandez-Guerra et al., 2006; Yamamoto et al., 2008) . The absence of Erp1 calls into question the role played by CaMKII, which in vertebrates targets Erp1.
Here, we set out to determine how the sperm-triggered Ca 2+ signal causes resumption of the cell cycle in an organism that arrests in meiotic metaphase independent of Erp1. We focused on two Ca 2+activated enzymes: CaMKII and CN. We show for the first time that Ca 2+ -stimulated CN activity is required for the loss of metaphase I-CSF activity provided by the Mos/MEK/MAPK pathway, but we could find no evidence in support of a role for CaMKII. Furthermore, activation of CN triggers cyclin B destruction and the inactivation of Cdk1 activity, which in turn leads to loss of MAPK activity. Remarkably, we also identified PP2A as a novel component of the activation pathway, and also show that parthenogenetic egg activation induced by inhibition of MEK can be completely blocked by inhibiting PP2A activity.
RESULTS

CaMKII is not required for cyclin B destruction and subsequent cell cycle resumption
As urochordates do not possess Erp1, we wondered whether CaMKII is involved in urochordate egg activation. We found that incubation of eggs in sea water containing the potent CaMKII inhibitor KN93 had no effect on cell cycle resumption at fertilisation. To be certain that the inhibitor was present in the egg cytoplasm, we microinjected ascidian eggs with KN93 and investigated its effect upon calcium-triggered cyclin B destruction.
To do this, we generated a novel fluorescent probe, Cyclin B Y170A, which acts as a reporter of APC/C activity but does not perturb the cell cycle. Cyclin B Y170A is modified within the Nterminal helix, the region of cyclin known to be necessary for interaction with and subsequent activation of Cdk1. Cyclin B Y170A remains a bona fide substrate of the APC/C but does not activate Cdk1 (supplementary material Fig. S1A ) (Goda et al., 2001) . Crucially for our purposes, we found that Cyclin B Y170A was destroyed at the same rate as wild-type cyclin B1 and did not delay exit from meiosis I (supplementary material Fig. S1D ,D′).
Using this probe, we found that Cyclin B Y170A was destroyed with normal kinetics in eggs injected with KN93 to a final (supraoptimal) concentration of ~150 μΜ (Fig. 1A ). Next, we measured the CaMKII activity by a kinase assay based on incorporation of radiolabelled nucleotide into a small peptide substrate specific to CaMKII: this showed that there is no rise in CaMKII activity during the 20 minutes following fertilisation ( Fig. 1B) . However, in order to ensure this CaMKII assay was sensitive enough to detect activity in ascidian eggs, we injected eggs with a GFP-tagged constitutively active form of CaMKII (CA CaMKII:GFP) in which the autoinhibitory and pseudosubstrate domains have been deleted in order to confer constitutive activity (Cruzalegui et al., 1992) , and measured the CaMKII activity in these eggs. We were clearly able to detect an increase in CaMKII activity in samples of four eggs (Fig. 1C) ; the same assay has detected rises in single mouse eggs (Markoulaki et al., 2003) which are ~8 times smaller by volume than ascidian eggs. Therefore, as we used 15 eggs per sample in the time course assays, we are confident in concluding that CaMKII activity does not increase in ascidian eggs following fertilisation. We also verified that KN93 inhibited exogenous CaMKII activity in ascidian eggs ( Fig. 1D ).
Importantly, eggs expressing CA CaMKII::GFP to concentrations as high as 100 nM [quantified by fluorescence intensity as described previously (Levasseur and McDougall, 2000) ], did not parthenogenetically activate or show any signs of cell cycle progression, indicating that these elevated levels of CaMKII are not sufficient to induce egg activation. This finding contrasts with observations in mouse eggs, in which exogenous expression of even very low levels [i.e. with no detectable GFP fluorescence and hence less than 50 nM, the reported detection threshold for GFP fluorescence in mouse eggs (Madgwick et al., 2005) ] of the same CA CaMKII::GFP chimera leads to full egg activation.
Calcineurin activation is necessary for cyclin B destruction following fertilisation
Because CaMKII plays no role during urochordate egg activation, we focused on the Ca 2+ -sensitive phosphatase CN as it has been shown to play an essential role in Xenopus egg activation (Mochida and Hunt, 2007; Nishiyama et al., 2007) . First, we investigated the effects of inhibiting CN on ascidian egg activation again using our real-time in vivo assay to measure APC/C activity.
When eggs expressing Cyclin B Y170A were treated with the specific CN inhibitor cyclosporin A (CsA, 1 μM; in our hands, the minimally effective dose) (Mochida and Hunt, 2007) and then activated with the Ca 2+ ionophore ionomycin, we observed a substantial reduction in the rate of Cyclin B Y170A destruction, indicating that APC/C activity was inhibited. Consistent with the only mild activation of APC/C, the spindle remained intact even at 92 minutes post-activation in such eggs ( Fig. 2A ,A′). This observation confirms results of in vitro studies using Xenopus extracts, in which cyclin destruction was slowed in the presence of the same concentration of CsA following activation with Ca 2+ (Mochida and Hunt, 2007) .
Calcineurin inhibition prevents MAPK inactivation
Next, we wanted to determine whether MAPK was inactivated normally in fertilised eggs when CN was inhibited. MAPK is active in unfertilised ascidian eggs and normally becomes inactivated following exit from meiosis II and before pronuclear formation (McDougall and Levasseur, 1998) . Because dephosphorylation on the conserved pTEpY motif in MAPK induces inactivation, we monitored the phosphorylation status of the Thr residue with the phospho-specific antibody anti-pT 183 and found, as expected, that T 183 was completely dephosphorylated 40 minutes after egg activation in controls ( Fig. 2B ). By contrast, T 183 of MAPK remained phosphorylated in ionomycin-activated eggs 40 minutes after egg activation when CN activity was blocked with CsA ( Fig. 2B′ ). We reasoned that because Cdk1 activity is maintained by CsA, a feedback loop from active Cdk1 would maintain Mos/MAPK activity, as has been described in Xenopus eggs (Castro et al., 2001; Frank-Vaillant et al., 2001) . As predicted by this model, artificially maintaining Cdk1 active with Δ90 cyclin B prevented dephosphorylation of T 183 (Fig. 2B″ ). This has also been observed in a different species of ascidian (Sensui et al., 2012) . In order to extend this finding, we inhibited Cdk1 activity in fertilised eggs treated with CsA and scored for pronucleus formation, an event that is dependent on the loss of the Mos/MEK/MAPK pathway in ascidians (Dumollard et al., 2011) . Consistent with the notion that CsA prevents MAPK inactivation through a Cdk1 feedback loop, 50% of eggs (n=20) treated with CsA and the Cdk1 inhibitor roscovitine formed pronuclei ( Fig. 2B′″ ). Thus, we conclude that the main role of CN is to activate the APC/C following the spermtriggered Ca 2+ increase, and that loss of Cdk1 activity in turn is necessary for the loss of MAPK activity and efficient meiotic exit.
Inhibition of calcineurin leads to prolonged Ca 2+ oscillations that can be terminated by inhibition of MEK Ascidian eggs are activated by a series of sperm-triggered Ca 2+ oscillations rather than a single Ca 2+ transient and these Ca 2+ oscillations are maintained during meiosis II owing to a feedback loop from both Cdk1 and MAPK (Levasseur and McDougall, 2000; Dumollard et al., 2011; Sensui et al., 2012) . For example, exogenous expression of Δ90 cyclin B or Mos is capable of maintaining spermtriggered Ca 2+ oscillations long after they would normally cease (Levasseur and McDougall, 2000; Sensui et al., 2012) . To determine whether maintaining endogenous Cdk1 or MAPK activity would also maintain sperm-triggered Ca 2+ oscillations, we measured intracellular Ca 2+ concentrations after fertilisation when CN was inhibited by CsA. We found that CsA did indeed prevent the cessation of sperm-triggered Ca 2+ oscillations (Fig. 2C,C′) . Moreover, the effects of CsA on the Ca 2+ oscillations could be completely reversed with the potent and specific MEK inhibitor U0126 (Fig. 2C ), which is capable of activating eggs in a Ca 2+independent manner (Dumollard et al., 2011) . These fertilised eggs treated with CsA and then U0126 also began to destroy cyclin B and even entered cytokinesis ( Fig. 2C″ ,C′″). Thus, we surmise that following fertilisation in the presence of CsA, the resulting MAPKinduced stabilisation of CSF activity can be reversed with U0126 to trigger activation.
PP2A is sufficiently active in metaphase-arrested eggs and is necessary for egg activation Although eggs are normally activated by a Ca 2+ increase, we have shown that ascidian eggs can be parthenogenetically activated by inhibition of MEK with U0126 (Dumollard et al., 2011) . Treating unfertilised ascidian eggs with U0126 causes MAPK inactivation ahead of the loss of Cdk1 activity (Dumollard et al., 2011) . Here, we demonstrate that U0126-induced egg activation is not blocked by CsA (Fig. 3C″ ). This indicates that a phosphatase other than CN must act to reverse the phosphorylation status of MAPK.
Accordingly, we found that egg activation induced by U0126 could be prevented by inhibition of PP2A. When we injected metaphase I-arrested ascidian eggs with the PP2A inhibitor okadaic acid (OA) to a final concentration of ~2-3 μM and treated the eggs with the U0126, the eggs neither extruded polar bodies nor formed pronuclei (n=42 from six animals; data not shown), suggesting that PP2A might directly dephosphorylate the Thr residue in the TEY motif of MAPK leading to MAPK inactivation. 
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To narrow down the identity of the OA-sensitive phosphatase, we performed a series of in vitro phosphatase assays using samples from both unfertilised and ionomycin-activated eggs. Ser/Thr phosphatase activity was measurable in unfertilised and ionomycinactivated eggs at the time of pronucleus (PN) formation (supplementary material Fig. S2 ). We then treated unfertilised or
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Development (2013) ionomycin-activated eggs at the PN stage with either CsA (25 μM), the PP2A inhibitor OA (3 μM) or calyculin (100 nM), an inhibitor of both PP2A and PP1, or combinations of these compounds. The results indicated that OA and calyculin inhibited the same phosphatase activity (supplementary material Fig. S2 ) implying that PP2A is the most likely candidate for the phosphatase activity detected in the assays, as OA inhibits PP1 much less efficiently than PP2A. This is not without precedent, as PP2A activity has been reported in metaphase II-arrested mouse eggs (Chang et al., 2011) . As expected, CsA had no effect on the measured phosphatase activity, because at these sampling time points CN is inactive owing to low cytosolic Ca 2+ levels.
Testing the specificity of PP2A inhibition
Though OA is commonly used to inhibit PP2A, it can also inhibit PP1 and is thus not completely specific (Kim et al., 1993) . We therefore used SV40 small T antigen (ST) as a specific molecular inhibitor of PP2A (Cho et al., 2007) . PP2A is a heterotrimer and ST binds to the scaffold (A) subunit to prevent binding of the regulatory B subunit and in so doing inhibits PP2A activity. ST does not interact with the catalytic C subunit, the only component of the heterotrimer to show conservation with other Ser/Thr phosphatases such as PP1 and CN (Cho et al., 2007) , and so ST acts specifically to inhibit only PP2A and not PP1 or CN.
To confirm that ST protein specifically targets PP2A in ascidian eggs, we performed two molecular controls. First, we cloned, expressed and purified the ascidian PP2A A (scaffold, see above) subunit protein. We then used this as a competitive inhibitor of ST protein. We measured Cyclin B Y170A destruction rates in eggs activated with ionomycin, comparing destruction rates in controls with those of eggs microinjected with ST protein with and without A subunit protein. As predicted, ST protein markedly decreased the destruction rate; when A subunit protein was injected in excess of ST protein, APC/C activity was fully restored (Fig. 3A,A′; n=6 from three animals) and polar body extrusion (PBE) was rescued (not shown). This experiment clearly demonstrates that ST is a specific inhibitor of PP2A. Second, we used a mutant of ST protein, STR7A, mutated to prevent interaction with the PP2A A subunit and consequently unable to prevent assembly of catalytically active PP2A (Cho et al., 2007) . When STR7A was injected into Cyclin B Y170A-expressing eggs, activation by ionomycin resulted in destruction of Cyclin B Y170A with normal kinetics (Fig. 3B,B′) and normal PBE and PN formation.
Site of action of PP2A
Metaphase I arrest in ascidians is maintained by MAPK (Russo et al., 2009) . We have shown previously in Phallusia mammillata that inhibition of MEK using U0126 is capable of activating eggs in a Ca 2+ -independent manner (Dumollard et al., 2011) . To demonstrate that egg activation by U0126 is due to activation of the APC/C, we again measured Cyclin B Y170A destruction. Bathing eggs in U0126 (1-3 μM) resulted in an increase in APC/C activitỹ 20 minutes after application of the drug (Fig. 4A; n=10 from four animals), although with a significantly lower cyclin destruction rate than that observed in the control (Fig. 4A′ ). As would be predicted from the delayed APC/C activation, PBE was also delayed in U0126-activated eggs. U0126-induced activation of the APC/C is completely blocked in eggs in which PP2A activity had been inhibited by injection with ST protein prior to U0126 treatment ( Fig. 4A; n=7 from three animals), and the eggs remain arrested in metaphase of meiosis I as evidenced by the presence of an intact meiotic spindle at a time when a pronucleus has formed in control eggs (Fig. 4A) . Thus, inhibiting MAPK activates the APC/C in ascidian eggs and inhibiting PP2A prevents activation of the APC/C
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The data of Fig. 4 show that MAPK activity alone is sufficient to prevent activation of the APC/C. During metaphase arrest, a feedforward loop operates in which Cdk1 activity maintains MAPK activity through Mos, and MAPK activity in turn maintains Cdk1 activity by inhibiting APC/C (Fig. 4B ). If PP2A is required to dephosphorylate MAPK, MAPK should remain phosphorylated after treatment with the MEK inhibitor U0126 when PP2A in inhibited. Alternatively, if PP2A is necessary for full APC/C activity,
Development (2013) then MAPK should remain phosphorylated in ST-injected eggs after activation by Ca 2+ , because in the absence of cyclin B destruction, Cdk1 will continue to maintain MAPK in an active phosphorylated state. We therefore analysed the phosphorylation status of MAPK when PP2A was inhibited in eggs activated by UO126 or by a Ca 2+ increase. When PP2A is inhibited by ST injection, we found that T 183 of MAPK is still dephosphorylated when eggs are activated by UO126 (Fig. 4C) , implying that a separate and distinct MAPK phosphatase activity must operate to dephosphorylate T 183 . By contrast, T 183 remains phosphorylated in eggs activated by a Ca 2+ increase when PP2A is inhibited by ST injection (Fig. 4C′) . These data imply that PP2A does not dephosphorylate the Thr residue of MAPK but rather is necessary for full activation of the APC/C and hence that MAPK remains phosphorylated via the positive-feedback loop provided by active Cdk1.
Two phosphatases are required for APC/C activation Inhibition of both CN ( Fig. 2A,A′) and PP2A (Fig. 4D-D″) substantially reduced the degradation rate of Cyclin B Y170A following activation with Ca 2+ , but only inhibition of both CN and PP2A completely blocked Cyclin B Y170A destruction (Fig. 4D) . Thus, a basal PP2A activity complements the Ca 2+ -stimulated calcineurin activity to activate the APC/C.
Because it has been reported in Xenopus oocytes that cyclin B phosphorylation is necessary to form active MPF (Peter et al., 2002) , we wanted to formally rule out the possibility that dephosphorylation of cyclin B might be necessary for its degradation, as there is a possibility that CN and PP2A might be responsible for the dephosphorylation of cyclin B. In order to do this, we used a phospho-mimic mutant of Xenopus cyclin B in which all five Ser phosphorylation sites are mutated to the phosphomimic residue Glu (Li et al., 1995) . We then produced GFP-tagged mRNA of this cyclin B mutant and microinjected it into ascidian eggs and found that it was destroyed with kinetics undistinguishable from those of wild-type Xenopus cyclin B following fertilisation (data not shown). This is clear evidence that cyclin B need not be dephosphorylated in order to be destroyed.
In summary, we have found that inhibition of CN, but not CaMKII, blocked cell cycle resumption in metaphase I induced by a Ca 2+ signal. In addition, we also found that basal PP2A activity is necessary to complement Ca 2+ -activated CN for efficient APC/C activation and subsequent cell cycle progression.
DISCUSSION
Our data demonstrate that the two phosphatases CN and PP2A are both necessary to fully activate the APC/C in ascidian eggs and permit cell cycle resumption at fertilisation.
CaMKII is not involved in cell cycle resumption in ascidian eggs
Interestingly, and in contrast to vertebrates, CaMKII activity did not increase following egg activation in the urochordate ascidian. Moreover, by artificially increasing the CaMKII activity using constitutively active CaMKII we could increase the CaMKII activity in the unfertilised egg; however, this did not induce egg activation, in marked contrast to our previous findings in mouse eggs, in which even very low levels of exogenous CaMKII expression led to full egg activation (Madgwick et al., 2005) . Furthermore, when we bathed or microinjected unfertilised eggs with KN93, a specific inhibitor of CaMKII activity, egg activation proceeded normally. We conclude that the sperm-triggered Ca 2+ signal in urochordate ascidians is not relayed by CaMKII and instead suggest that the Ca 2+ -sensitive phosphatase calcineurin is the proximal mediator of Ca 2+ -induced egg activation.
Calcineurin mediates APC/C activation during fertilisation in urochordates
Our observations suggest that, as in Xenopus eggs, the fertilisation Ca 2+ transient stimulates CN, which in turn activates the APC/C to drive cyclin B destruction. In Xenopus eggs, CN dephosphorylates the APC/C co-activator cdc20 to activate the APC/C (Mochida and Hunt, 2007) . However, in addition to cdc20 dephosphorylation, destruction of Erp1 via the CaMKII/PLK/SCF b-TrcP pathway is necessary for full APC/C activation in Xenopus . As urochordates do not require destruction of Erp1, the role of CN in APC/C activation might well be conserved between ascidians and frog. Further characterisation of the phosphorylation status of cdc20 in ascidian eggs is necessary to confirm that CN function at fertilisation is conserved between ascidians and frogs.
Mechanism of cell cycle arrest in ascidian eggs
Our observations further indicate that PP2A is also necessary for full APC/C activation at fertilisation. This finding might seem to be at odds with reports in mouse eggs, in which PP2A activity has been implicated as necessary for APC inhibition ( et al., 2011) . However, in mouse eggs the target of PP2A is Emi2, in order to maintain its interaction and inhibition of the APC/C (Wu et al., 2007) , and so could not operate in ascidian eggs in which Emi2 is absent. It has been reported that cdc20 dephosphorylation is necessary before it can activate the APC/C in HeLa cells (Yudkovsky et al., 2000) and more recently in Xenopus egg extracts (Labit et al., 2012) , and that cdc20 is a substrate of MAPK in Xenopus (Chung and Chen, 2003) . We therefore propose a mechanism (Fig. 5) whereby in the absence of Emi2, the Mos/MAPK pathway mediates meiotic arrest in ascidian eggs. PP2A, already sufficiently active in arrested eggs to drive parthenogenetic egg activation when MAPK is inhibited, dephosphorylates the phosphorylation target(s) of the Mos/MAPK pathway that inhibit the APC/C (most likely cdc20 and/or APC/C subunits). When MAPK is inhibited by U0126, this APC/C inhibition is relieved and the eggs activate. However, after a Ca 2+ rise when PP2A is exogenously inhibited, the APC/C cannot be activated sufficiently by CN to trigger loss of CDK1 activity and subsequent inactivation of the Mos/MAPK pathway, and consequently MAPK remains phosphorylated at T 183 . We propose that prior to fertilisation Mos/MAPK activity is dominant over PP2A, such that cdc20 (or an APC/C subunit) remains phosphorylated, the APC/C inactive and the egg arrested in metaphase of meiosis I. Following the fertilisationtriggered Ca 2+ rise, the resulting surge of CN activity tips the balance in favour of the phosphatases, and the initiation of cdc20 (or APC/C subunit) dephosphorylation sparks activation of the APC/C, resulting in inactivation of CDK1 and consequent destabilisation (and ultimate destruction) of Mos. This model (Fig. 5 ) also explains why, following Ca 2+ -induced activation, we see impaired Cyclin B Y170A destruction if either PP2A or CN are inhibited, but when both phosphatases are inhibited, Cyclin B Y170A destruction is almost undetectable.
Development
We find no marked alteration in PP2A activity before or after egg activation but this might be due to technical limitations. We do not rule out a role for Greatwall/Arpp19, which inhibits PP2A during M phase (for a review, see Lorca and Castro, 2013) . It is likely that, similarly to Xenopus, the Greatwall/Arpp19 mechanism causes reversal of the metaphase state during entry into first interphase. Indeed, both Greatwall and Arpp19 are expressed in unfertilised ascidian eggs and the expressed sequence tags (EST) database shows that all six potential Greatwall phosphorylation sites of Arpp19 are conserved between P. mammillata and human Arpp19. It is likely therefore that PP2A activity rises during the period of egg-to-embryo transition in ascidians; it is not yet known whether this may occur during exit from meiotic metaphase. Here, we focused on how the APC/C is activated and how MAPK is inactivated, two events that we would expect to precede activation of PP2A due to inactivation of Greatwall/Arpp19.
As yet, we do not know the exact identity of the PP2A heterotrimer [composed of 1 catalytic (C), 1 scaffold (A) and 1 regulatory (B) subunit] in the ascidian egg. However, EST protein databases show that only seven different regulatory subunits exist in the ascidian genome of which five are expressed in the egg (Table 1 ) (Eichhorn et al., 2009) . This level of complexity is much less than that in mammalian cells, in which around 18 different regulatory proteins dispersed between the four families [B (R2), BЈ (R5) and B″ (R3) and the Striatin/SG2NA family] are present (Janssens et al., 2008) . One future avenue of investigation will be to knock down each regulatory subunit in the unfertilised egg, but, owing to low protein turnover, this might not be straightforward.
MAPK inactivation
A further central problem during egg activation is how MAPK inactivation is brought about. Mos degradation following loss of Cdk1 activity nicely demonstrates how the upstream activating kinase (Mos) is destroyed (Castro et al., 2001; Frank-Vaillant et al., 2001) . We and others have also found that maintaining Cdk1 active keeps MAPK active (Sensui et al., 2012) . However, our data do not explain how MAPK is dephosphorylated, and this is crucial because phosphorylated, and therefore active, MAPK mediates the effect of the Mos/MEK/MAPK cascade. We show here that the phosphothreonine residue of MAPK in the activation TEY motif is a substrate for neither CN nor PP2A. This is in contrast to one report in intact Xenopus oocytes that indicates that MAPK inactivation is caused by PP2A (Sohaskey and Ferrell, 1999) . However, it is not known which PP2A heterotrimer was involved, and more recent data show that the most abundant form of PP2A (B55 isoform) in Xenopus eggs is inactive during the metaphase state (Vigneron et al., 2009) . We suggest that there must be some basal MAPK phosphatase activity in unfertilised eggs because U0126 treatment causes dephosphorylation of MAPK. It will be very interesting to determine the identity of the MAPK phosphatase that is activated during fertilisation because MAPK inactivation following a spermtriggered Ca 2+ increase is a highly conserved feature of egg activation across the eumetazoa.
Calcineurin as the ancestral mediator of egg activation
Our data indicate that calcineurin, but not CaMKII, is required to induce cyclin B destruction during egg activation in the ascidians. Drosophila mutants lacking calcineurin and a calcineurin regulator fail to become activated (Horner et al., 2006; Takeo et al., 2010) . This shows that calcineurin is required for egg activation in Drosophila despite the fact that the activating Ca 2+ signal has still not been observed during egg activation in Drosophila, which occurs in situ and so is difficult to assess. Nonetheless, we surmise that egg activation in these invertebrates relies upon calcineurin and not CaMKII. It is tempting to speculate that, during the course of vertebrate evolution, the Erp1/CaMKII system evolved and became more dominant. In accordance with this hypothesis, Xenopus provides an example of an intermediate between more basal chordates (such as the ascidian) and the mammals: its eggs rely on both calcineurin and CaMKII (Mochida and Hunt, 2007; Nishiyama et al., 2007) for cell cycle resumption, whereas mammalian eggs have completely dispensed with calcineurin (Suzuki et al., 2010) and rely solely on CaMKII to trigger not only Erp1 destruction and consequent APC/C-mediated cyclin B destruction (Madgwick et al., 2005; Shoji et al., 2006) , but also activation of the kinase Wee1B which also inactivates CDK1 by inhibitory phosphorylation (Oh et al., 2011) . It will be interesting to test the role of CN during fertilisation in eggs of other more basal invertebrates that are known to be activated by Ca 2+ to explore these findings.
Our observations suggest that two phosphatases (CN and PP2A) are required during egg activation in the ascidians (see model, Fig. 5 ). From the limited data available it is possible that during animal evolution, the mechanism of egg activation moved from one dependent solely on phosphatases (calcineurin and PP2A) in invertebrates to one dependent on both phosphatases (calcineurin) and kinases (CaMKII) in Xenopus and ultimately to a mechanism reliant only on CaMKII in mammals (mouse). This conjecture is in keeping with current data, albeit from only a few systems, and with the fact that the CaMKII substrate Erp1 is only present in the vertebrates.
MATERIALS AND METHODS
Biological material
Oocytes from the ascidians Ascidiella aspersa and Phallusia mammillata were harvested from animals obtained locally and kept in the laboratory in a tank of natural sea water at 10°C. Oocyte preparation and microinjection have been described previously (McDougall and Levasseur, 1998) .
Egg activation
Activation was either by addition of activated sperm (dried sperm diluted 1 in 500 in sea water containing chorionated eggs), or by treatment with ionomycin (20 μg/ml for 3 minutes)
Molecular tools
A rat brain CA CaMKII construct (a gift from Thierry Lorca, CRBM, Montpellier, France) was tagged with GFP as previously reported (Madgwick et al., 2005) . The SV40 small T antigen construct was a gift from Wenqing Xu, University of Washington (Seattle, WA, USA) and was GST-tagged at the C-terminus, purified as described previously for GSTfusion proteins (Levasseur and McDougall, 2003) , and the GST tag removed by thrombin cleavage according to the protocol in the Amersham-Pharmacia GST expression system manual. The R7A ST mutant was a gift from William Hahn at Harvard Medical School (MA, USA), and was similarly purified and thrombin cleaved. The Y170A mutant of cyclin B1::GFP was made using the GeneEditor (Promega) in vitro mutagenesis system exactly according to the manufacturer's protocol and subsequent synthesis of mRNA was as described previously (Levasseur and McDougall, 2000) . Microtubules were visualised by expression of mRNA coding for the microtubule binding protein Map7 fused to GFP (Prodon et al., 2010) , or by microinjection of Rhodamine-tubulin (Cytoskeleton). Chromatin was stained by bathing in Hoechst 33342 (10 μg ml −1 ; Sigma).
Use of pharmacological inhibitors
Treatment with U0126, cyclosporin A and calyculin (Sigma-Aldrich) and roscovitine (Calbiochem/Merck-Millipore) was by bathing in sea water. All were dissolved in DMSO and added to final concentrations as detailed in the text. Okadaic acid (Sigma-Aldrich), also made up in DMSO, was insoluble in sea water and was instead microinjected into eggs at the concentration described in the text. KN93 (Calbiochem/Merck-Millipore) was dissolved in DMSO and used both for bathing and microinjection.
The CaMKII assay
CaMKII assays were performed using the SignaTECT CaMKII Assay Kit (Promega). The required number of eggs per sample were washed three times with sterile 1 M glycine to remove all traces of sea water. The eggs were then taken up in 4 μl of glycine and mixed with 1 μl of 5× extraction buffer supplied with the kit, and either used immediately, according to kit protocol, or frozen in liquid nitrogen and stored at −80°C until use.
according to the manufacturer's instructions. Western blotting was performed as previously described (Levasseur and McDougall, 2000) and signal was detected using a Li-Cor Odyssey imager.
Time-lapse and fluorescence microscopy
Time-lapse imaging of cyclin destruction was performed on an Olympus IX71 inverted microscope set up for epifluorescence imaging using a CCD camera (Micromax, Sony Interline chip, Princeton Instruments), analysed using MetaFluor software (Molecular Devices) and processed using MetaMorph software (Molecular Devices) (Levasseur and McDougall, 2000) . All experiments were performed at 18°C.
Calculation and statistical analysis of Cyclin B Y170A destruction rates
Destruction rates were expressed as t 1/2 values, and calculated using the formula t 1/2 =ln(0.5)/k, where k=-1/t × ln (t 1 /t 2 ), where t is the time interval between t 1 and t 2 , and where t 1 and t 2 are the start and finish fluorescence values. Statistical comparison of destruction rates of mean t 1/2 values was by two-sample two-tailed t-test, where the null hypothesis was rejected if P<0.05.
